Both GO (7,8-dihydro-8-oxoguanine) and hoU (5-hydroxyuracil) are highly mutagenic because DNA polymerase frequently misincorporates adenine opposite these damaged bases. In Escherichia coli, MutY DNA glycosylase can remove misincorporated adenine opposite G or GO on the template strand during DNA replication. MutY remains bound to the product that contains an AP (apurinic/apyrimidinic) site. Endo VIII (endonuclease VIII) can remove oxidized pyrimidine and weakly remove GO by its DNA glycosylase and β/δ-elimination activities. In the present paper, we demonstrate that Endo VIII can promote MutY dissociation from AP/G, but not from AP/GO, and can promote β/δ-elimination on the products of MutY. MutY interacts physically with Endo VIII through its C-terminal domain. MutY has a moderate affinity for DNA containing a hoU/A mismatch, which is a substrate of Endo VIII. MutY competes with Endo VIII and inhibits Endo VIII activity on DNA that contains a hoU/A mismatch. Moreover, MutY has a weak adenine glycosylase activity on hoU/A mismatches. These results suggest that MutY may have some role in reducing the mutagenic effects of hoU.
INTRODUCTION
DNA bases are subjected to damage by ROS (reactive oxygen species) derived from cellular metabolism as well as exogenous stimuli, such as ionizing radiation and various chemical oxidants [1] . Some of this damage, if not repaired, can be bypassed by DNA polymerases to induce mutagenesis and degenerative conditions, including aging and cancer. Living organisms have evolved various defence systems to protect their genomes from oxidative DNA damage. BER (base excision repair) is the major repair pathway for the oxidized DNA bases and is initiated by DNA glycosylases. GO (7,8-dihydro-8-oxoguanine) , one of the most stable oxidized purines, has the most deleterious effects because it can mispair with adenine during DNA replication [2, 3] . In Escherichia coli, MutM, MutS, MutT, MutY DNA glycosylases and Endo VIII (endonuclease VIII) are involved in defending against the mutagenic effects of GO lesions (reviewed in [4] ). The MutT protein eliminates 8-oxo-7,8-dihydro-2 -dGTP from the nucleotide pool using its pyrophosphohydrolase activity [5] , whereas the MutM glycosylase (Fpg protein) removes both mutagenic GO adducts and ring-opened purine lesions. When C/GO mismatches are not repaired by MutM, adenines are frequently incorporated opposite GO bases during DNA replication and can subsequently cause G:C → T:A transversions. MutS-and MutYdependent mismatch repairs can increase replication fidelity by removing the adenine that is misincorporated opposite GO or guanine. The MutS-dependent mismatch repair removes mismatched adenine on the daughter DNA strands (reviewed in [6] ). MutY, an adenine and weak guanine DNA glycosylase, is active on A/G, A/GO, A/C and G/GO mismatches [4] . A/GO mismatches are particularly important biological substrates of MutY glycosylase. Endo VIII has been shown to serve as a backup pathway to repair GO in the absence of MutM and MutY [7] . Similar to MutM, Endo VIII can remove GO from GO/C. In addition, Endo VIII can also repair GO when GO is misincorporated opposite adenine during DNA replication [8] .
The N-terminal domain of the E. coli MutY protein contains the catalytic activity [9, 10] , while the C-terminal domain of MutY plays an important role in the recognition of GO lesions [9, [11] [12] [13] . The binding affinity and reaction rate of a truncated MutY on A/GO-containing DNA are reduced when compared with those of the intact MutY [12, 13] . Moreover, deletion of the C-terminal domain of MutY confers a mutator phenotype in vivo [12] . The action of MutY is characterized by its tight binding to the AP (apurinic/apyrimidinic) site produced after the adenine is removed [11, 12, 14] . The affinity of MutY for AP/GO is particularly strong and is mediated by its C-terminal domain [11] [12] [13] . The AP endonucleases, Endo IV and Exo III, have been shown to enhance the turnover of MutY with A/G but not A/GO substrates [15] .
HoU (5-hydroxyuracil), a deaminated and oxidized form of cytosine [4] , is highly mutagenic because DNA polymerase frequently misincorporates an adenine opposite this damaged base and subsequently causes a G:C → A:T transition [16] . In E. coli, oxidized pyrimidines are mainly repaired by Endo III and Endo VIII, which are encoded by nth and nei genes respectively [17, 18] . The substrate preferences of Endo III and Endo VIII overlap, but are not identical [19, 20] . Despite similar substrate specificity, Endo III and Endo VIII have no sequence or structure homology [21] . Instead, Endo VIII shares sequence and functional homologies with MutM, and both enzymes have β/δ-elimination activities [20] .
In the present study, we show that there is an interaction between pathways that are involved in the repair of oxidized purines and pyrimidines. We demonstrate that Endo VIII interacts physically and functionally with MutY. Endo VIII can promote MutY dissociation from its products and acts further on these products. MutY competes with Endo VIII and inhibits Endo VIII from removing oxidized pyrimidines. Furthermore, MutY can remove adenine from hoU/A mismatches and may have a role in reducing the mutagenic effects of hoU.
MATERIALS AND METHODS

Bacteria
The E. coli strain GM7724 is a mutY::Cam strain derived from AB1157 [ara14 argE3 (gpt-proA) 
e14
− relA1 spoT1 thi-1) and was provided by Dr Susan Wallace (University of Vermont, Burlington, VT, U.S.A.). GM7724 and SW2-8 with DE3 lysogen were constructed according to the procedures described by Invitrogen.
GST (glutathione S-transferase)-fusion protein constructs
The GST fusions of MutY and its deletion constructs were made using PCR with template pMYW-1 [22] and the primer sets listed in Supplementary Table 1a 
Expression of CBD (chitin-binding protein)-tagged Endo VIII protein
The plasmid pTYB2[NEI], a gift from Dr Susan Wallace, contains the nei gene cloned into pTYB2 (New England Biolabs). The Endo VIII was fused to the CBD at its C-terminus. SW2-8/DE3 cells containing pTYB2 [NEI] were grown in LB (LuriaBertani) broth containing 100 mg/ml ampicillin at 25
• C. Protein expression was induced at a D 590 of 0.6 by the addition of IPTG (isopropyl β-D-thiogalactoside) to a final concentration of 0.2 mM, and the cells were harvested 16 h later. The cell paste, from a 500 ml culture, was resuspended in 9 ml of buffer G (50 mM Tris/HCl, pH 7.4, 150 mM NaCl and 2 mM EDTA) containing 0.5 mM dithiothreitol and 0.1 mM PMSF and treated with lysozyme (1 mg/ml) for 30 min at 4
• C. After sonication, the solution was centrifuged at 10 000 g for 20 min, and the supernatant was stored at − 80
• C in aliquots.
GST pull-down assay
The GST-MutY constructs were expressed in host E. coli strain GM7724/DE3. The GST constructs (300 ng), which were immobilized on glutathione-Sepharose 4B (Amersham Biosciences) as described previously [23] , were incubated overnight at 4
• C with 0.13 mg of cell extracts containing CBD-tagged Endo VIII in 200 µl of buffer G containing 0.1 % Nonidet P40. After centrifugation at 1000 g, the pellets were washed four times with 1 ml of buffer G, reconstituted in 1 × SDS loading buffer [30 mM Tris/HCl, pH 6.8, 5 % (v/v) glycerol, 1 % (w/v) SDS, 0.5 mg/ml Bromophenol Blue and 1 % (v/v) 2-mercaptoethanol], and resolved on a 10 % (w/v) polyacrylamide gel containing SDS [24] . The proteins were transferred on to a membrane and were allowed to react with antibodies against CBD (E8034S; New England Biolabs). Western blotting was detected by the ECL ® (enhanced chemiluminescence) analysis system from GE Healthcare.
Enzymes used
Intact MutY and the N-terminal domain MutY-(1-226) were purified as described in [25] . E. coli UDG (uracil DNA glycosylase) and Endo VIII were purchase from Invitrogen and New England Biolabs respectively.
Oligonucleotide substrates
The DNA substrates used in the present study are listed in Supplementary Table 1a at http://www.BiochemJ.org/bj/393/ bj3930381add.htm. The 51-mer oligonucleotides were provided by Dr Sankar Mitra (University of Texas Medical Branch, Galveston, TX, U.S.A.). One strand of the duplex was labelled at the 5 end with [γ -32 P]ATP using polynucleotide kinase and then it was annealed to the other strand. The single-stranded overhangs of the 19-mer were filled in with the Klenow fragment of DNA polymerase I and unlabelled dNTPs as described by Lu [26] .
MutY gel mobility-shift assay
The MutY binding assay using 1.8 fmol of labelled oligonucleotide substrates in a 20 µl reaction volume was performed as described by Lu [26] . In experiments repeated at least three times, nine different MutY enzyme concentrations were used to bind DNA substrates to determine K d values. Bands corresponding to enzyme-bound and free DNA were quantified from PhosphorImager images, and K d values were obtained from analyses by a computer-fitted curve generated by the Enzfitter program [27] .
MutY glycosylase assay
The glycosylase assay was carried out in a 10 µl reaction volume containing 1.8 fmol of DNA substrate, 20 mM Tris/HCl (pH 7.6), 1 mM dithiothreitol, 1 mM EDTA, 2.9 % (v/v) glycerol and 50 µg/ml BSA. After incubation at 37
• C for 30 min, some reaction mixtures were supplemented with 1 µl of 1 M NaOH and heated at 90
• C for 30 min as indicated. A 5 µl volume of formamide dye (90 % formamide, 10 mM EDTA, 0.1 % Xylene Cyanol and 0.1 % Bromophenol Blue) was added to the sample, which was heated at 90
• C for 2 min, and 5 µl of the mixture was loaded on to a 14% (w/v) polyacrylamide sequencing gel containing 7 M urea.
For time-course studies, samples were heated at 90
• C for 30 min with 0.1 M NaOH immediately after enzyme incubation. Kinetic analyses were performed using DNA concentrations ranging from 0.09 to 11 nM and 14.4 nM of MutY. Bands corresponding to cleavage products and intact DNA were quantified from PhosphorImager images. The K m and V max values were obtained from analyses by a computer-fitted curve generated by the Enzfitter program [27] .
Endo VIII glycosylase/AP lyase assay
The assay was carried out similarly to the MutY glycosylase assay, except that a DNA substrate containing a hoU/A mismatch was used and NaOH treatment was omitted.
RESULTS
Endo VIII enhances MutY dissociation from the DNA product
After the MutY glycosylase reaction, the enzyme remained tightly bound to the AP-containing DNA [11, 12, 14] . In search Step I, MutY DNA glycosylase removes a mismatched adenine (circled) which is paired with GO, guanine or cytosine on the other strand (not shown). The MutY product contains an AP site.
Step II, the weak AP lyase activity of MutY and the β-elimination activity of Endo VIII cleave the DNA backbone to generate two fragments, one of which contains an unsaturated sugar moiety.
Step III, the δ-elimination activity of Endo VIII removes the unsaturated sugar to produce a DNA fragment with a 3 phosphate group.
of enzymes that can enhance the turnover of MutY, we tested DNA glycosylases with β/δ-elimination activities [20] . Using a gel mobility-shift assay, we showed that Endo VIII could affect DNA binding of MutY. The complex formation of MutY with A/G substrate was reduced 3-fold when Endo VIII was added to the binding reaction mixture ( Figure 1A, lanes 2-4) . A small nicked product was observed with MutY alone ( Figure 1A , lane 2) owing to its weak AP lyase activity [9, 10, 28, 29] . Substantial increase in the quantity of nicked product was observed when Endo VIII was added to the MutY binding reaction mixture ( Figure 1A, lanes 3  and 4) . The mobility of the nicked product in lanes 3 and 4 is slightly faster than that in lane 2 ( Figure 1A) . We interpret from this that the products have different groups at their 3 ends: the nicked product in lane 2 of Figure 1 (A) has an unsaturated sugar generated by the β-elimination of MutY, while the nicked product in lanes 3 and 4 of Figure 1 (A) has a phosphate group due to the β/δ-elimination of Endo VIII (Figure 2 ). In contrast, the complex formation of MutY with A/GO substrate did not change when Endo VIII was added to the binding reaction mixture ( Figure 1A , lanes 7-9). Endo VIII did not bind to either A/G or A/GO substrate ( Figure 1A, lanes 5 and 10) . Thus Endo VIII can enhance the turnover of MutY with A/G, but not with A/GO substrates.
Because the C-terminal domain of MutY contributes to the tight binding to AP/GO [11-13], we then tested the effect of Endo VIII on MutY-(1-226) binding to A/G and A/GO. The complex formation of MutY-(1-226) with A/G substrate was reduced 3.5-fold, and the nicked product was enhanced when Endo VIII was added to the binding reaction mixture ( Figure 1B, lanes 2-4) . The complex formation of MutY-(1-226) with A/GO substrate was slightly reduced by 20 %, and the nicked product was observed when Endo VIII was added to the binding reaction ( Figure 1B, lanes 7-8) . Thus Endo VIII can only slightly enhance the turnover of MutY-(1-226) with A/GO.
Endo VIII can act on MutY products
In addition to glycosylase activity on various DNA lesions, Endo VIII has β/δ-elimination activity [20] . To test whether Endo VIII can act on the products of MutY, we added Endo VIII to MutY glycosylase reactions with A/G-and A/GO-containing DNA. The nicked products generated by β-and δ-eliminations (Figure 2 ) can be easily separated on a sequencing gel. NaOH treatment of MutY product reveals the amount of AP sites generated by MutY glycosylase ( Figure 3A, lanes 3 and 9) . Endo VIII promoted β/δ-elimination on AP/G, a product of MutY glycosylase ( Figure 3A, lanes 4 and 5) . Approx. 75 % of AP/G products were processed to DNA with 3 phosphate by the β/δ-elimination of Endo VIII ( Figure 3A , compare lanes 3 and 5). Endo VIII also weakly promoted β/δ-elimination on AP/GO after MutY reaction ( Figure 3A, lanes 10 and 11) . Approx. 17 % of AP/GO products were processed to DNA with 3 phosphate by the β/δ-elimination of Endo VIII ( Figure 3A , compare lanes 9 and 11). This nicked product was not detected in the non-denatured gel in Figure 1 (A) because of poor dissociation of cleaved product from MutY. Similar results were obtained when Endo VIII was added to MutY-(1-226) glycosylase reactions ( Figure 3B ), except that slightly more δ-elimination product was observed with A/GO substrate in the presence of Endo VIII ( Figure 3B, lanes 10 and  11) . Approx. 21 % of AP/GO products were processed to DNA with 3 phosphate by the β/δ-elimination of Endo VIII ( Figure 3B , compare lanes 9 and 11). For comparison, Endo VIII equally promoted β/δ-elimination on UDG's products, AP/G and AP/GO ( Figure 3C ). Thus MutY and MutY-(1-226) binding to AP/ GO provides a barrier for the access of Endo VIII.
MutY physically interacts with Endo VIII
We tested further whether MutY had any physical interaction with Endo VIII. The GST-tagged MutY was immobilized on glutathione-Sepharose 4B and was used to pull down CBD-tagged Endo VIII. As shown in Figure 4 , Endo VIII bound to GSTMutY (lane 1), but did not bind to GST alone (lane 4). By using constructs containing different portions of MutY fused to GST, the regions of MutY engaged in the physical interactions with Endo VIII were localized to residues 230-350, the C-terminal domain of MutY.
MutY has binding affinity with hoU/A mismatch
Because MutY interacts with Endo VIII, we performed gel mobility-shift assays to determine whether MutY could bind a 51-mer DNA substrate containing a hoU/A mismatch, a catalytic substrate of Endo VIII. As shown in Figure 5 , MutY and MutY-(1-226) were able to bind to this DNA substrate. Up to six protein-DNA complexes were observed (see Figure 5A , lane 10 for example) in a concentration-dependent manner. Because MutY has been shown to be a monomer in solution up to 230 nM by glycerol gradient [30] , the multiple protein-DNA complexes detected here are probably not due to protein aggregates at high concentrations of protein. (1-226) with hoU/A were 124 and 93 nM respectively ( of MutY on the glycosylase/AP lyase activity of Endo VIII. MutY could inhibit Endo VIII glycosylase/AP lyase activity on DNA substrates containing hoU/A (Figure 6 ). At a MutY/Endo VIII molar ratio of 50, Endo VIII activity with hoU/A was inhibited by 30 %. MutY-(1-226) had a similar effect as MutY on inhibiting Endo VIII activity ( Figure 6 ).
MutY has glycosylase activity on hoU/A-DNA substrate
Because MutY can bind hoU/A-containing DNA, we tested whether MutY has adenine glycosylase activity on this substrate. Surprisingly, MutY could remove adenine from hoU/A (Figure 7 ). This glycosylase activity was very weak and required a long incubation time and high molar excess of enzyme over DNA. The k cat /K m of MutY with hoU/A-containing DNA was measured to be 0.064 min −1 · µM −1 (Table 1) , which is much weaker than those of MutY with 20-mer A/G and A/GO (k cat /K m in the range 3-10 min −1 · µM −1 ) [29] .
DISCUSSION
AP sites generated by DNA glycosylases are potentially mutagenic owing to lack of base coding information and blockage of DNA synthesis [32, 33] . To prevent this toxic effect, MutY, like other DNA glycosylases, binds tightly to its AP site products [12, 14] until other components are recruited to carry out the next repair step. It has been suggested that the BER pathway may involve highly co-ordinated processes that are governed by protein-protein and protein-DNA interactions [4, 34, 35] . In E. coli, Endo IV and Exo III greatly enhance the rate of product release of MutY with a A/G substrate; however, neither AP endonuclease enhances MutY turnover with an A/GO substrate [15] . In the present study, we show that Endo VIII can promote MutY dissociation from AP/G, but not from AP/GO. So far, it remains unclear how MutY dissociates from AP/GO in vivo. Hazra et al. [8] have demonstrated that Endo VIII does not affect MutY activity on A/GO and G/GO. However, we show that Endo VIII can promote β/δ-elimination on AP/G and weakly promote β/δ-elimination on AP/GO, when AP/G and AP/GO are products of MutY reaction. In contrast, Endo VIII can equally promote β/δ-elimination on AP/G and AP/GO after UDG reaction. Different accessibility of Endo VIII to AP/G and AP/GO may be caused by different binding of MutY to these DNA substrates. It is interesting to note that approx. 17 % of AP/GO products generated by MutY were processed by the β/δ-elimination of Endo VIII, but that all AP/GO-containing DNA were still bound by MutY (compare Figures 1A and 3A) . This result is due to poor dissociation of the cleaved product from MutY and it suggests that the phosphate groups on the 5 and 3 sides of an AP site opposite GO of the MutY-bound DNA are fairly accessible by Endo VIII. How these two enzymes interact with the same DNA remains to be determined.
The C-terminal domain of MutY moderately contributes to preventing MutY dissociation from AP/GO by Endo VIII (Figure 1B) . This is somewhat contradictory to this domain's role in binding to the GO strand [9, [11] [12] [13] . The C-terminal domain of MutY does not limit the accessibility of Endo VIII's β/δ-elimination activity on AP/G and AP/GO (compare Figures 3A  and 3B ). These results are consistent with the MutY structure, which shows that the C-terminal domain of MutY does not contact the mismatched adenine strand [36] . The physical interaction of Endo VIII with the C-terminal domain of MutY appears to be unnecessary for their functional interaction observed in vitro. The significance of this physical interaction in vivo remains to be determined. There are interplays between pathways involved in repair oxidized purines and pyrimidines. The GO repair system involves MutT, MutS, MutY, MutM and Endo VIII. Endo VIII serves as a backup pathway to repair GO in the absence of MutM and MutY [7] . However, its major role is to repair oxidized pyrimidines [7, 20] . We and others have shown that MutY can inhibit MutM glycosylase activity on GO/C and GO/G mismatches [8, 12] . The human MutS homologue (MSH2/MSH6) interacts and enhances hMYH (human MutY homologue) [37] . Similarly, E. coli MutS interacts with MutY (H. Bai and A.-L. Lu, unpublished work). In the present study, we show that Endo VIII glycosylase activity of removing oxidized cytosine from hoU/A can be inhibited by MutY. Similarly, Hazra et al. [38] have shown that the repair of hydantoins (the oxidation product of GO) by Endo VIII is inhibited by MutY. However, Hazra et al. [8] have also shown that Endo VIII GO glycosylase activity on GO/G, GO/A and GO/C substrates is not affected by MutY. This is surprising, in view of the tight binding of MutY to A/GO and AP/GO [9, [11] [12] [13] and the structures of both MutY and Endo VIII [21, 36] .
MutY can remove adenine from A/G, A/GO, and A/C mismatches and guanine from G/GO mismatches [12, [39] [40] [41] [42] . Because MutY activity on A/C and G/GO is very weak, the most frequent mutations observed in mutY mutants are G:C → T:A transversions. It has been reported that MutY has a minor role in reducing the mutagenic effects on G:C → A:T transitions and G:C → C:G transversions [42] [43] [44] . In the present paper, we identified a new MutY catalytic substrate: MutY can remove adenine from hoU/A mismatches. hoU is generated readily under oxidative stress from cytosine by oxidation, deamination and dehydration [45] . When hoU/G mismatches are not repaired by Endo VIII, adenines are frequently incorporated opposite hoU bases during DNA replication [16] and can subsequently cause G:C → A:T transitions (Figure 8 ). The glycosylase activity of MutY on A/hoU may be involved in increasing replication fidelity by removing the adenine misincorporated opposite hoU if a guanine is incorporated opposite template hoU during MutY repair synthesis (Figure 8, solid thick curved arrow) . In addition, MutY may inhibit Endo VIII repair on hoU/A when hoU is on the template DNA strand (Figure 8 ). Thus Endo VIII is restricted to acting on hoU/G substrates ( Figure 8, solid thick straight arrow) . The MutY glycosylase activity on A/hoU is similar to its weak activity on A/C mismatches [44, 46] . The increased G:C → A:T transitions in mutY mutants were interpreted previously as a failure of A/C mismatch repair. Because hoU is an oxidized form of cytosine, the increased G:C → A:T transitions in mutY mutants may be attributed to the deficiency of A/hoU repair. Taken together, our data suggest that MutY may have some role in reducing the mutagenic effects of hoU and in modulating Endo VIII on repair of oxidized pyrimidines.
